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Salamanders, such as the Mexican axolotl, are some of the few vertebrates fortunate in their ability to
regenerate diverse structures after injury. Unlike mammals they are able to regenerate a fully functional
spinal cord after injury. However, the molecular circuitry required to initiate a pro-regenerative response
after spinal cord injury is not well understood.
To address this question we developed a spinal cord injury model in axolotls and used in vivo imaging
of labeled ependymoglial cells to characterize the response of these cells to injury. Using in vivo imaging
of ion sensitive dyes we identiﬁed that spinal cord injury induces a rapid and dynamic change in the
resting membrane potential of ependymoglial cells. Prolonged depolarization of ependymoglial cells
after injury inhibits ependymoglial cell proliferation and subsequent axon regeneration. Using tran-
scriptional proﬁling we identiﬁed c-Fos as a key voltage sensitive early response gene that is expressed
speciﬁcally in the ependymoglial cells after injury. This data establishes that dynamic changes in the
membrane potential after injury are essential for regulating the speciﬁc spatiotemporal expression of
c-Fos that is critical for promoting faithful spinal cord regeneration in axolotl.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
The ability to regenerate lost tissue after injury is a widespread
phenomenon across diverse phyla, ranging from amphibian limb
regeneration to full body regeneration in planaria ﬂatworms (Al-
varado, 2000; Brockes, 1991, 1997; Poss et al., 2003; Tanaka, 2003).
Among vertebrates, amphibians, such as the Mexican axolotl, are
unique in their ability to regenerate multiple structures after in-
jury including limbs, skin, heart, liver and the central nervous
system (Abate et al., 1993; Diaz Quiroz and Echeverri, 2013; Gar-
diner et al., 2002; Goss, 1969; Tanaka and Reddien, 2011). In
contrast, mammals have a very limited regenerative capacity that
declines even more with age. Mammals can regenerate small le-
sions in skin, muscle or peripheral nerves and can regenerate part
of the liver (Becker and Diez Del Corral, 2015; Borena et al., 2015;
Cregg et al., 2014; Heinrich et al., 2015; Lepousez et al., 2015; Silver
and Miller 2004; Yamakawa and Ieda, 2015). Why mammals react
differently to injury than lower vertebrates like salamanders or).
epartment of Physiology and
l Campus, Aurora, Colorado,ﬁsh represents a fundamental question in regenerative biology.
Strikingly, after spinal cord injury (SCI) axolotls are able to
functionally regenerate their spinal cord, ultimately regaining
sensory and motor function comparable to pre-lesion levels
(Butler and Ward, 1965, 1967; Chernoff et al., 2003; Clarke et al.,
1988; Clarke and Ferretti, 1998; Clarke et al., 1986). In response to
SCI, ependymoglial cells, which function as resident neural stem
cells and line the central canal of the spinal cord, proliferate and
migrate to bridge the lesion and provide guidance signals to
support and direct subsequent axon regeneration (Butler and
Ward, 1965, 1967; Chernoff et al., 2003; Diaz Quiroz et al., 2014;
O’Hara et al., 1992; Quiroz and Echeverri, 2012). Despite extensive
characterization of the cellular response to SCI the molecular sig-
nals that drive functional regeneration are only now being
elucidated.
In recent years we have made extensive progress in under-
standing some of the signaling molecules that are necessary at the
injury site to ensure faithful regeneration in terms of size and
patterning of the lost appendage or damaged tissue (Becker and
Diez Del Corral, 2015; Chaar and Tsilﬁdis, 2006; Chernoff, 1996b;
Chernoff et al., 2003; Ferretti et al., 2003; Frobisch and Shubin,
2011; Gardiner and Bryant, 1996; Gardiner et al., 1999; Kumar and
Brockes, 2012). Many of the molecules recently shown to be es-
sential for spinal cord regeneration are also essential for neural
tube development. After tail amputation the transcription factor
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ependymoglial cell proliferation and subsequent spinal cord re-
generation (Fei et al., 2014). Additionally, sonic hedgehog, which is
important in specifying the dorsoventral axis in the developing
neural tube, is similarly important for ependymoglial cell pro-
liferation and patterning of the regenerated spinal cord after tail
amputation (Schnapp et al., 2005). Many of these gene products
are not expressed in uninjured adult tissue or are differentially
expressed after injury (Chernoff, 1988, 1996a; Chernoff et al., 2000,
2002, 2003; Chernoff and Robertson, 1990; Diaz Quiroz et al.,
2014; Monaghan et al., 2007; Scadding and Maden, 1986; Schnapp
et al., 2005; Sehm et al., 2009). How the expression of these genes
is precisely regulated after injury remains a fundamental question
in the ﬁeld.
Recent reports show that regulation of cellular membrane po-
tential (Vmem), the electrical charge separation across the plasma
membrane, plays an integral role in regulating regeneration (Bar-
ghouth et al., 2015; Beane et al., 2013; Borgens et al., 1986, 1977;
Levin, 2007, 2009a, 2009b; Stewart et al., 2007; Tseng and Levin,
2013, 2012). After Xenopus tadpole tail amputation the hydrogen
(Hþ) V-ATPase pump is highly upregulated in the regeneration
blastema within 6 hours after injury (Adams et al., 2007; Tseng
et al., 2011; Tseng and Levin, 2008, 2012). The Hþ V-ATPase
functions to repolarize the injury site to resting Vmem by 24 hours
post injury. If the expression or function of Hþ V-ATPase is blocked
then cells at the injury site fail to proliferate and tail regeneration
does not occur. Furthermore, inhibition of the early electrical re-
sponse to injury blocks expression of key morphogenetic factors,
such as Msx1, Notch and BMP, 48 hours post injury (Tseng et al.,
2010). Recent studies in the axolotl using ion sensitive dyes and
in vivo imaging shows rapid and dynamic changes in Hþ and Naþ
ion contents and a depolarization of the Vmem in cells adjacent to
the injury site (Ozkucur et al., 2010). However, the functional
signiﬁcance of these biophysical signals in regulating regenerationFig. 1. Spinal cord reconnection after spinal cord injury. Histological, Acid fucidin orange
cords (B–E). At 1 day post injury an injury site of 490 μm is visible between the rostral an
and caudal ends of the spinal cord decreases and the severed ends seal over forming ter
5 cm long the rostral and caudal ends of the spinal cord have reconnected and the cen
caudal spinal cord is denoted by the dotted lines. The distance (micrometers) between t
the dotted lines. * denotes the original injury site. Each time point N¼10.was not addressed.
Using our in vivo spinal cord injury model, we analyzed the role
of membrane potential in the ependymoglial cells after spinal cord
injury. Here we demonstrate that there is a rapid depolarization of
ependymoglial cells after spinal cord injury and repolarization to
resting Vmem within 24 hours post injury. We show that per-
turbing this dynamic change in Vmem after injury, thereby
maintaining the cells in a more depolarized state, inhibits pro-
liferation of the ependymoglial cells and subsequent axon re-
generation across the lesion. Additionally, we identiﬁed c-Fos as an
important target gene that is normally upregulated after injury in
ependymoglial cells. However in ependymoglial cells whose nor-
mal electrical response is perturbed after injury, c-Fos is not up-
regulated and regeneration is inhibited. Our results indicate that
axolotl ependymoglial cells must undergo a dynamic change in
Vmem in the ﬁrst 24 hours post injury to initiate a pro-re-
generative response.2. Results
2.1. Establishment of a spinal cord injury model in axolotl
To understand how axolotls respond to and repair lesions in the
spinal cord we developed a spinal cord ablation model. In our
model, we use animals 3–5 cm long and remove a portion of the
spinal cord equivalent to one muscle bundle, or approximately ﬁve
hundred micrometers in length using forceps (Quiroz and Eche-
verri, 2012). This technique effectively creates a lesion of ap-
proximately ﬁve hundred micrometers that eliminates motor and
sensory function caudal to the lesion site (Fig. 1A and B). The ef-
fectiveness of the spinal cord injury was assessed by monitoring
the animal’s response to touch and their swimming motion post-
surgery. Histological staining was used to monitor the repairgreen (AfoG) staining of longitudinal sections of uninjured (A) versus injured spinal
d caudal ends of the severed spinal cord. Over time the distance between the rostral
minal vesicle like structures (C and D). By 7 days post injury in animals that are 3–
tral canal is reconnected (E). The location of the terminal vesicle in the rostral and
he rostral and caudal terminal vesicles throughout regeneration is shown between
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staining revealed an inﬂux of blood cells (yellow cells, Fig. 1B and
C) into the injury site by 1 day post injury, at which time point the
distance between the rostral and caudal ends was on average four
hundred and ninety micrometers. By 3 days post injury the size of
the lesion reduced slightly to around four hundred and twenty-
four micrometers. A ﬂuorescent rhodamine dextran dye was in-
jected into the rostral side of the ependymal tube 3 days post
injury. In vivo imaging of the injected samples revealed that the
dye did not pass from rostral to caudal, conﬁrming that the ends of
the spinal cord tightly seal over during the early phases of re-
generation (Fig. 1S). The main repair of the lesion occurs between
3 and 5 days post injury where the distance between the rostral
and caudal ends decreases from four hundred and twenty-four
micrometers to one hundred ninety-four micrometers (Fig. 1B–D).
By 7 days post injury it is very difﬁcult to identify where the ori-
ginal injury was, as at this time-point the rostral and caudal sides
of the injury have reconnected (Fig. 1E). To identify where the cells
are coming from to repair the lesion we used in vivo labeling and
imaging of ependymoglial cells. Ependymoglial cells were labeled
prior to injury using the GFAP promoter driving GFP or nestin
promoter driving GFP by injecting the plasmid into the central
canal of the spinal cord and electroporating the whole animal to
facilitate plasmid uptake (Echeverri and Tanaka, 2003). Animals
were screened 2 days later and those containing a small number of
labeled ependymoglial cells, approximately 10–15 labeled cells per
animal, were selected for injury. Selecting animals with a smallFig. 2. Ependymoglial cells from both the rostral and caudal sides of the injury contribute
promoter driving GFP (A and A’). Ablation injury was performed adjacent to the injury si
B’). Within 3 day post injury some of the labeled cells adjacent to the injury site died (arr
in number (D and D’). At 10 days post injury the labeled cells are found directly within t
the lesion is almost complete, some cells that originated on the rostral side of the injury
summarize all in vivo imaging results, it was found that cells within 500 μm on the rostr
regeneration of the lesion. Cells that were labeled outside of these regions did not mig
within 500 μm N¼25, caudal within 500 μm N¼23. Cells labeled 500 μm1 mm away
and followed.number of labeled cells enabled us to precisely follow and com-
pare how the cells behaved rostral and caudal to the injury. Using
this approach we imaged twenty-ﬁve animals that had labeled
cells within ﬁve hundred micrometers and sixteen animals with
labeled cells between 500 μm and one millimeter rostral to the
injury site. Additionally, we imaged twenty-three animals that had
labeled cells within ﬁve hundred micrometers and seventeen an-
imals with labeled cells between 500 μm and one millimeter
caudal to the injury site. Initially some cells closest to the injury
site appeared to die off as the ﬂuorescent signal disappeared
within hours of injury (Fig. 2B and C) but the remaining cells be-
gan to divide and migrate to repair the lesion (Fig. 2A–F). From our
live cell imaging experiments we determined that cells from the
rostral side contribute to both the rostral and caudal sides of the
regenerated spinal cord (Fig. 2). Furthermore, we determined that
cells within ﬁve hundred micrometers rostral and three hundred
micrometers caudal of the injury site are competent to contribute
to regeneration; cells lying outside this range do not contribute to
the regenerate (Fig. 2G).
Having established that cells from both rostral and caudal to
the injury site can participate in regeneration of the missing spinal
cord we also investigated the kinetics of ependymoglial cell pro-
liferation during spinal cord regeneration. A twenty-four hour
BrdU pulse was used to monitor S-Phase transition three, ﬁve and
seven days post injury. Cell proliferation was found to peak 3 days
post injury and to return to homeostatic levels by ﬁve days post
injury (Fig. 2S).to replacing the injured spinal cord. Ependymoglial cells were labeled using a GFAP
te, asterisk denotes the injury site and arrow marks cells that were followed (B and
ow C and C’). 6 days post injury the labeled cells adjacent to the injury site increase
he regenerating lesion area (E and E’). By 14 days post injury, when regeneration of
are now found caudal to the injury site (F and F’). Panel G is a schematic diagram to
al side and 350 μm on the caudal side of the injury would migrate and contribute to
rate and contribute to the regeneration of the missing tissue. Cells labeled rostral
from injury, rostral N¼16, caudal N¼17. In each animal multiple cells were labeled
** p≤0.05
Fig. 3. Spinal cord injury induces rapid but transient membrane depolarization. Animals were injected with the Vmem sensitive dye DiBAC and were imaged before injury,
immediately after injury, 7 h post injury and 24 h post injury. Representative images of the polarization state of (A) uninjured and (B) injured spinal cords shows a drastic
change in the polarization state following spinal cord ablation. (C) The spinal cord is signiﬁcantly depolarized at 7 h post injury compared to uninjured animals and is largely
repolarized by 24 h post injury. ***Po0.05; n¼5. Scale bar¼75 μm.
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potential
Our results suggest upon injury ependymoglial cells respond to
a speciﬁc signal that is transduced over a certain distance. Injury is
known to affect cellular processes including cytoskeletal dy-
namics, cell–cell contacts and membrane potential. Previous work
in planaria, axolotl and Xenopus have demonstrated dynamic
changes in the resting membrane potential (Vmem) occur after
injury and this response is essential for faithful regeneration to
occur (Beane et al., 2013; Blackiston et al., 2009; Borgens, 1986;
Ozkucur et al., 2010). However it remains unknown if a similar
response occurs after SCI. To address this question we used in vivo
imaging to measure the change in the Vmem after injury with the
ﬂuorescent voltage sensitive dye DiBAC4(3) (bis-[1,3-dibu-
tylbarbituric acid]trimethine oxonol (Fig. 3A and B). This method
enabled us to identify a signiﬁcant increase in membrane potential
approximately seven hours post injury. However by twenty-four
hours post injury the membrane potential of the ependymoglial
cell population adjacent to the injury site had returned to almost
uninjured levels (Fig. 3C). This change in membrane potential was
observed in the cells adjacent to the injury site, within approxi-
mately ﬁve hundred micrometers of the injury but no change was
observed in cells further away. To investigate if this change in
membrane potential is essential for regeneration to occur we used
the commercially available drug ivermectin, which opens glycine
gated chloride channels and induces depolarization (Beane et al.,
2013; Blackiston et al., 2011). We conﬁrmed ivermectin treatment
caused prolonged depolarization of the ependymoglial cells by
causing a decrease in intracellular chloride levels by measuring the
chloride levels after ivermectin treatment compared to controls
(Fig. 3S).
Prolonged depolarization led to an overall decrease in the
number of BrdUþ ependymoglial cells 3 days post injury com-
pared to vehicle control (Fig. 4 A–C). In addition it was noted that
the distance between the rostral and caudal ends of the injured
spinal cord did not decrease over time like in the control animals
(Fig. 4S). Taken together, these data suggests that prolonged de-
polarization of ependymoglial cells causes a defect in cell division
and/or migration in response to injury.
To determine if ivermectin affects speciﬁcally the ependy-
moglial cells or other cell types present in the spinal cord weperformed immunohistochemistry looking for the target of iver-
mectin, the glycine gated chloride channel. The glycine receptor is
exclusively expressed by GFAPþ ependymoglial cells lining the
central canal of the spinal cord (Fig. 5A–D). To assess if prolonged
depolarization of the ependymoglial cells after injury had any ef-
fect on functional regeneration we looked at axon regeneration
7 days post injury using whole mount ß-III staining. In vehicle
control injected animals normal axon regeneration across the le-
sion site was observed (Fig. 6A, A’). However in animals injected
with ivermectin axons completely failed to grow across the lesion
(Fig. 6B, B’). To further verify that this effect was speciﬁc to the
ability of ivermectin to activate glycine gated chloride channels we
injected spinal cords with the native ligand, glycine, and assayed
for axon regeneration 7 days post injury. Axons in glycine injected
animals also failed to grow across the lesion, phenocopying the
ivermectin injected animals. (Fig. 6A–C). To further conﬁrm that
dynamic changes in ependymoglial cell Vmem regulates spinal
cord regeneration, we altered the Vmem in a predictable direction
by speciﬁcally electroporating the ependymoglial cells with over-
expression constructs of various ion channels. When we over-
expressed a constitutively active mutant of the potassium channel
Kir2.1, which causes hyperpolarization (Hinard et al., 2008), or the
GABA-gated Naþ/Ca2þ channel Exp-1, which causes depolariza-
tion (Beg and Jorgensen, 2003), in the ependymoglial cells ad-
jacent to the injury site these animals failed to regrow axons
across the lesion at 7 days post injury compared to vector control
(Fig. 6SA–C). A previous report has shown that depolarization of a
small group of cells during Xenopus development can cause mel-
anocyte hyperproliferation in a cell non-autonomous fashion
(Blackiston et al. 2011). To determine if our phenotype was the
result of cell non-autonomous function we labeled ependymoglial
cells with Kir2.1-GFP and followed GFPþ cells using live cell in vivo
ﬂuorescent microscopy throughout the time course of regenera-
tion. Using this approach we found that GFPþ cells did not pro-
liferate or migrate towards the injury site and instead remained
adjacent to the lesion suggesting that injury-induced changes in
ependymoglial cell Vmem act cell autonomously in axolotl
(Fig. 5S). Collectively, these data show that a dynamic electrical
response of ependymoglial cells acts cell autonomously and is
necessary for the subsequent proliferative response to injury and
subsequent axon growth across the lesion.
Vehicle Control
BrdU
DAPI
BrdU/DAPI
IVR
BrdU
DAPI
BrdU/DAPI
***
Fig. 4. Prolonged depolarization inhibits ependymoglial cell proliferation in response to spinal cord injury. Animals were injected with vehicle control of PBS (n¼15) (A, A’,
A”) or ivermectin (IVR) to induce prolonged depolarization of the membrane (n¼16) (B, B’, B”) prior to spinal cord ablation. One day after injury animals were subjected to an
intraperitoneal injection with BrdU and harvested for staining 24 h later. (A”, B”) Comparison of the percent of BrdUþ cells in IVR treated and control axolotls shows there
are signiﬁcantly fewer BrdUþ cells in IVR treated animals 48 hours post injury compared to control axolotls (C). ***; Pr0.001. Error bars represent 7SEM. Scale bar is
75 μm.
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To investigate the molecular pathways regulated by injury in-
duced Vmem depolarization in ependymoglial cells we performed
microarray transcriptional proﬁling in uninjured, 1 day post injury
vehicle control injected and 1 day post injury ivermectin injected
spinal cords. To gain further information of the pathways that
must be differentially regulated to ensure functional spinal cord
regeneration we also carried out transcriptional proﬁling on spinal
cord injury samples 1, 3 and 7 days post injury compared to un-
injured tissue (Table 1S). Further analysis using open source R
software allowed us to identify a subset of genes that is sig-
niﬁcantly upregulated at 1 day post injury but are rapidly down
regulated throughout the rest of regeneration (Fig. 7A, Table 2S).
We focused our attention on one of these genes, the transcriptionfactor c-Fos, which is known to regulate neuronal cell apoptosis in
mammals (Oshitari et al., 2002; Robinson, 1996). Using Ingenuity
Pathway Analysis many genes known to be regulated by c-Fos
were identiﬁed in our arrays (Fig. 7S). Interestingly, further ana-
lysis of the array data showed that ivermectin treatment blocked
the induction of c-Fos expression after injury (Fig. 7B). To conﬁrm
the array data and to determine where in the injured spinal cord
c-Fos is expressed we performed immunohistochemistry and
found that in vehicle control injected spinal cords c-Fos is localized
to the nucleus of ependymoglial cells at 1 day post injury. (Fig. 8A–
C). Quantiﬁcation of the c-Fos protein expression over the time
course of regeneration (1–10 days post injury) found that the peak
of c-Fos expression was at 1 day post injury, conﬁrming the initial
microarray data (Fig. 8D). Subsequent immunohistochemistry
analysis in ivermectin injected spinal cord shows that prolonged
GFAP
DAPI
GlyCl
GlyCl/GFAP/DAPI
Fig. 5. GlyCl-R is expressed by ependymoglial cells in the axolotl spinal cord. Cross sections of axolotl tails were stained with antibodies against (A) GlyCl-R or (B) the
ependmyoglial marker GFAP. (D) Overlay with DAPI (Blue) GlyCl-R (red) is expressed by GFAPþ (green) ependymoglial cells (white arrows). Scale bar 50 μm. (For inter-
pretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
IVR Treated
*
Glycine Treated
*
Vehicle Control
*
Fig. 6. Prolonged depolarization of ependymal glial cell membrane using ivermectin or glycine inhibits axon regeneration across the injury site. Spinal cords were injected
with either vehicle control PBS (A), or the GlyCl-R agonists IVR (B) or the native ligand for GlyCl-R glycine (C) immediately before spinal cord ablation. Activation of GlyCl-R
causes Cl efﬂux leading to chronic depolarization. In control animals 7 days post injury the axons have regrown through the injury site, as visualized using whole mount
anti-ß III tubulin staining (A, A’). In animals where the ependymal glial cells were kept in a prolonged state of membrane depolarization by injection of ivermectin, axon
regeneration was inhibited (B, B’). Injection of the native ligand for glycine gated chloride channels, glycine, phenocopied the drug phenotype (C, C’). * denotes injury site.
Control N¼47, Ivermectin N¼32, Glycine N¼17.
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Fig. 7. Transcriptional Proﬁling identiﬁes putative downstream targets of membrane potential. Microarray analysis of tissue samples taken 1, 3 and 7 days post injury and
compared to uninjured spinal cord identiﬁed a group of genes that are upregulated at 1 day post injury and quickly return to homeostatic levels (A). Additional array analysis
of control, 1 day post injury versus ivermectin treated 1 day post injury samples identiﬁed c-Fos as a early response genes whose normal dynamics in response to injury are
inhibited when ependymoglialglial cells are maintained in a depolarized state (B).
K. Sabin et al. / Developmental Biology 408 (2015) 14–2520depolarization of the ependymoglial cells blocks c-Fos expression
after injury (Fig. 8SA, B).
Previous work has shown that c-Fos is activated via phos-
phorylation by the kinases ERK or JNK and enters the nucleus to
regulate target gene expression (Abate et al., 1993; Vesely et al.,
2009; Vial et al., 2003). In addition, activated c-Fos has been
shown to be an essential regulator of cell division (Bakiri et al.,
2007; Herdegen and Leah, 1998; van Dam and Castellazzi, 2001).
To test if c-Fos activation is necessary for ependymoglial cell
proliferation after injury we injected the spinal cord withc-Fos
c-Fos/DAPI
Fig. 8. Ependymoglial cells speciﬁcally up-regulate c-Fos expression 1 day post injury. I
cords shows c-Fos is highly expressed by ependymoglial cells adjacent to the site of inj
spinal cords and increased c-Fos expression is only observed in 1 day post injury spinainhibitors against the kinases ERK or JNK immediately after injury
and assessed regenerative defects by assaying ependymoglial cell
proliferation and axon regeneration. In both cases ependymoglial
cell proliferation and subsequent axon regeneration through the
lesion site was inhibited (data not shown and Fig. 9A–C). Fur-
thermore, using Western blot analysis we determined that ERK
phosphorylation (dpERK) is increased after injury compared to
uninjured spinal cord and that prolonged depolarization of epen-
dymoglial cells with ivermectin largely blocked ERK activation
after injury (Fig. 9D) This data would suggest that membraneDAPI
mmunohistochemical analysis with anti-c-Fos antibody of 1 day post injury spinal
ury (A–C). c-Fosþ cells were quantiﬁed in uninjured, 1, 3, 7 and 10 day post injury
l cords (D).
Vehicle Control
Erk Inhibitor
JNK Inhibitor
*
*
*
Uninjured 1dpi
dpERk
Total ERK
Uninjured    1dpi
IvermectinVehicle Control
Fig. 9. Inhibition of ERK and JNK signaling results in defects in axon regeneration.
Inhibition of ERK and JNK signaling cause axonal regeneration defects similar to
blocking injury-induced changes in Vmem. Whole mount staining of anti-β-III tu-
bulin 7 days post injury shows that inhibition of (B) ERK signaling or (C) JNK sig-
naling during regeneration blocks axon growth as compared to control axolotls (A).
* denotes injury site. Scale Bar 75 μm, N¼15 for controls and each inhibitor. Panel
(D), western blot analysis of control versus ivermectin treated animals. In vehicle
control injured animals dpERK protein levels increase after spinal cord injury, this
normal increase of dpERK is inhibited in ivermectin treated animals.
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which is necessary for ependymoglial cell proliferation and sub-
sequent spinal cord regeneration. Taken together, our data show
that rapid depolarization of ependymoglial cell Vmem is essential
to activate the pro-regenerative circuitry necessary for spinal cord
regeneration.3. Discussion
3.1. Ependymoglial cells within a deﬁned zone rostral and caudal to
the injury site contribute to the regenerating spinal cord
The present study offers insight, at the cellular and molecular
level, into the response of ependymoglial cells to acute injury.
Previous work in axolotl has shown that, in response to tail am-
putation, ependymoglial cells will amplify and migrate to re-
generate a new ependymal tube (Echeverri and Tanaka, 2002,
2003; McHedlishvili et al., 2007, 2012). However the molecular
signals that initiate this response to injury have remained elusive.
In this study we have developed a reproducible model of spinal
cord injury that creates a lesion of approximately ﬁve hundred
micrometers. Taking advantage of the ease of in vivo imaging in
the axolotl spinal cord, we electroporated a GFP reporter construct
to speciﬁcally label ependymoglial cells. We then performed an
injury and followed labeled cells on either the rostral or caudal
side of the injury throughout the time course of regeneration. This
approach allowed us to determine that regeneration occurs in a bi-
directional fashion, meaning that cells from both sides of the le-
sion could partake in replacing the lost portion of the spinal cord(Fig. 2). Using these methods we also established that only cells
lying within a ﬁve hundred to three hundred micrometer zone
rostral or caudal to the injury site partake in regeneration. This
result is similar to what has been reported for axolotl tail re-
generation, whereby no matter what length of tail is amputated,
only the cells in a zone ﬁve hundred micrometers rostral to the
injury site will divide and migrate to contribute to regenerating
the lost spinal cord (McHedlishvili et al., 2007). In addition to
tracking the distance fromwhich cells can migrate to participate in
regeneration we also noted the position in which cells lay within
the spinal cord (i.e. dorsal versus ventral or lateral). We noted that
cells starting in dorsal or ventral position could end up in a lateral
position in the regenerated tissue, however we never observed a
dorsal cell ending up in a ventral position or vice versa. This is in
contrast to what has been observed during spinal cord regenera-
tion in the context of tail amputation where dorsally positioned
cells can contribute to the ventral regenerate or vice versa
(McHedlishvili et al., 2007). This difference may be because a cell
switching from a dorsal to ventral position after spinal cord ab-
lation is a rare event that we may have missed due to the small
numbers of labeled cells followed in our experiments. However,
this discrepancy could represent an intrinsic difference in the re-
generative program required for repairing a gap in tissue versus an
amputated tail. More comprehensive cell tracing experiments
could help shed light on these potential differences.
3.2. Ependymoglial cell response to injury is dependent upon rapid
changes in membrane potential
Given our observation that cells from deﬁned zones rostral and
caudal to the injury site suggests to us that upon injury speciﬁc
signals are transmitted a certain distance that are responsible for
initiating a regenerative response in these cells. In recent years
several groups have reported that biophysical cues may be the ﬁrst
signals that are transmitted in response to injury to regulate gene
expression and elicit a regenerative response. After tail amputa-
tion in Xenopus tadpoles, the activation of the Hþ V-ATPase is
necessary and sufﬁcient to promote tail regeneration (Adams et al.,
2007). Recent work in the axolotl established that changes in
calcium, sodium and membrane potential occur in cells at the
injury site after tail amputation (Ozkucur et al., 2010). To de-
termine if these early injury-induced signals were essential for
spinal cord regeneration in the axolotl we injected the ﬂuorescent
voltage sensitive dye DiBAC into the spinal cord central canal and
used in vivo ﬂuorescent imaging to investigate the electrical re-
sponse of the ependymoglial cells to injury. We established that
there is a dynamic change in membrane potential after injury in
cells adjacent to the injury site (Fig. 3). We observed a rapid in-
crease in membrane potential within the ﬁrst 7 h that is largely
repolarized to resting membrane potential twenty-four hours after
injury. To determine if this dynamic change in the Vmem of
ependymoglial cell is essential to the regenerative response we
microinjected the depolarizing drug ivermectin, which activates
glycine gated chloride channels, into the spinal cord central canal
or overexpressed various ion channels before injury. We found
that prolonged depolarization of ependymoglial cells blocked their
proliferative response to injury and inhibited migration of the
rostral and caudal ends of the lesion (Fig. 4, Fig. 4S). Furthermore,
perturbation of the endogenous electrical response of the epen-
dymoglial cells to injury by overexpression of depolarizing or hy-
perpolarizing channels inhibited axon regeneration compared to
vector control animals (Fig. 6S). Our observation that prolonged
depolarization blocks ependymoglial cell proliferation conﬂicts
with a, previous study that shows that ivermectin treatment of
developing Xenopus embryos leads to a hyperproliferation of
melanocyte-producing neural crest cells in a cell non-autonomous
Injury
Vmem
Depolarization/Repolariz
ation
dpErk
c-Fos
Ependymoglial Cell 
Proliferation
Fig. 10. Schematic diagram of ependymoglial response to Injury. After injury to the
spinal cord the membranes of the ependymal glial cells rostral and caudal to the
injury site under go a rapid (7 h) depolarization and repolarization (24 h). This
transient depolarization event is essential to activate genes expression cascades
that are to initiate a pro-regenerative response. We identiﬁed one of these genes
c-Fos, whose activation is inhibited by maintaining cells is a prolonged state of
membrane depolarization, this subsequently inhibits regeneration.
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that global perturbation of the electrical response of damage tissue
blocks cell proliferation and subsequent regenerative outgrowth
after Xenopus tadpole tail amputation and zebra ﬁsh ﬁn amputa-
tion (Adams et al., 2007; Tseng et al., 2010; Monteiro et al., 2014).
Taken together, these observations suggest that Vmem-sensitive
changes in cell proliferation are cell type and context speciﬁc. A
recent study published by Pai et al. (2015) supports this idea. This
study took a comparative approach to identify conserved and di-
vergent voltage-sensitive signaling pathways in developing Xeno-
pus embryos, axolotl spinal cord regeneration and human me-
senchymal stem cell differentiation. The authors identiﬁed several
pathways that were similarly activated across species and across
cell types in response to prolonged depolarization (Pai et al., 2015).
Interestingly, there were also species/cell type speciﬁc responses
to prolonged depolarization supporting the idea that changes in
Vmem can differentially regulate cellular responses based on de-
velopmental context and cell type. How changes in Vmem are
detected and transduced into diverse biochemical pathways based
on cellular identity are still not clear.
Finally, to determine if the changes in ependymoglial cell
Vmem after injury acts in a cell autonomous manner we examined
the contribution of cells overexpressing Kir2.1-GFP construct to
the regenerate. Here we found that cells overexpressing Kir2.1 did
not migrate or partake in regeneration of the spinal cord, sug-
gesting that changes in Vmem act in a cell autonomous manner in
axolotl ependymoglial cells (Fig. 5S). Similarly, we overexpressed
Exp-1 and tracked GFPþ cells throughout regeneration and again
it appeared that GFPþ cells did not contribute to the regenerate.
However, Exp-1 was not tagged with a ﬂuorescent protein so the
construct was co-electroporated with a GFP plasmid. Therefore,
we do not deﬁnitely know that all GFPþ cells were also expressing
Exp-1.
3.3. Dynamic changes in membrane potential regulate gene
expression
To investigate how changes in ependymoglial cell Vmem could
lead to a physiologic response to injury we performed microarray
analysis and compared changes in gene expression in vehicle
treated and depolarized samples. Using this approach we identi-
ﬁed a group of genes that are upregulated within 1 day post injury
and then rapidly return to homeostatic levels (Fig. 7A). From this
group of genes we identiﬁed c-Fos as being upregulated speciﬁ-
cally in the ependymoglial cells after injury and this increase in
c-Fos levels is inhibited in ivermectin treated spinal cords (Fig. 7
and Fig. 8S). c-Fos is a well characterized early response gene that
has been studied in many model systems and is known to regulate
a diversity of signaling pathways and cellular processes including,
but not limited to, proliferation, differentiation and apoptosis
(Bakiri et al., 2007; Herdegen and Leah, 1998; Ueyama et al., 1997;
van Dam and Castellazzi, 2001; Vial et al., 2003). Here we show
that c-Fos upregulation is necessary to promote proliferation in
ependymoglial cells in response to injury and in addition we show
that inhibition of ERK signaling, that is necessary for phosphor-
ylation of c-Fos and its subsequent entry into the nucleus, also
inhibits regeneration (Fig. 9). It is interesting to note that the ERK/
c-Fos signaling cascade is a well established pathway associated
with activity-dependent synaptic signaling associated with neu-
ronal ﬁring (West and Greenberg, 2011). Our data suggests that
ERK/c-Fos signaling represents a conserved voltage-sensitive sig-
naling network, even in non-excitable cells such as ependymoglial
cells. It will be exciting in the future to determine if the voltage-
sensitive machinery that leads to ERK activation after injury is the
same as during neuronal ﬁring.
Taken together this data show that upon injury to the spinalcord the ependymoglial cells experience a rapid and dynamic
change in resting membrane potential that is an essential signal to
induce downstream gene expression changes, like activation of
c-Fos to drive the ependymoglial cell response to injury to pro-
mote a pro-regenerative response (Fig. 10). c-Fos is well char-
acterized to heterodimerize with another early response gene
c-Jun to form the AP-1 transcription factor (Norwitz et al., 2002;
van Dam and Castellazzi, 2001). In axolotl we have found no evi-
dence for upregulation of c-Jun in ependymoglial cells, however it
is found in the nucleus of neurons close to the injury site (data not
shown). It will be interesting in the future to determine other
potential interacting partners of c-Fos in the ependymoglial cells.
In addition, it will be essential to investigate the other potential
signals, like changes in other ions or mechanical transduction that
act in parallel or directing downstream of membrane potential to
illicit a regenerative response.4. Materials and methods
4.1. Animal handling
All axolotls used in these experiments were bred at the Uni-
versity of Minnesota in accordance with IACUAC protocol No.1411-
K. Sabin et al. / Developmental Biology 408 (2015) 14–25 2332049A. Prior to all in vivo experiments animals (3–5 cm) were
anesthetized in 0.01% p-amino benzocaine (Sigma). Spinal cord
ablations were performed 7–10 muscle bundles caudal to the
cloaca. Using a sterile 27-gage needle the skin and muscle super-
ﬁcial to the spinal cord was removed. A length of exposed spinal
cord approximately 500 μm was subsequently removed.
4.2. In vivo imaging of ependymoglial cells
Ependymoglial cells were labeled via injection and electro-
poration of plasmid containing the glial ﬁbrillary acidic protein
(GFAP) promoter driving expression of a green ﬂuorescent protein
(GFP) (Echeverri and Tanaka, 2003). 24 h post injection the ani-
mals were screened for the presence of ﬂuorescent cells in the
spinal cord. An image was taken of the cells before injury. A lesion
in the spinal cord was performed adjacent to the labeled cells,
positioning the cells either rostral or caudal to the injury site. An
image was taken directly after injury was performed, the position
and number of the cells was recorded. Cells were imaged using an
Inverted Zeiss Apotome Microscope (Carl Zeiss) at 10 magniﬁ-
cation every day until the end of the regeneration period; this was
on average 14 days post injury.
4.3. Immunohistochemistry
Tissue was harvested and ﬁxed in fresh 4% paraformaldehyde
(Sigma) overnight at 4 °C. Then tails were washed three times in
phosphate buffered saline þ0.1% Tween 20 (PBST). Next the tails
were incubated in a 50:50 solution of PBST and 30% sucrose. Fi-
nally, tails were transferred to 30% sucrose solution and allowed to
equilibrate overnight at 4 °C. The next day samples were em-
bedded for longitudinal or cross-sectioning in TissueTek (Sakura)
and stored at 20 °C.
For immunohistochemistry, tails were sectioned at either 10 or
20 μm using a Leica CM1850 cryostat. The following primary an-
tibodies were used for immunoﬂuorescent staining: anti-c-Fos
(1:100, Santa Cruz), anti-glial ﬁbrillary acidic protein (1:100 Che-
micon), anti-5-bromo-2’-deoxyuridine (BrdU)(1:100 Sigma) or
anti- glycine receptor (1:100 Millipore). All sections were in-
cubated in 70° PBS for 20 min and subsequently washed with
phosphate buffered saline þ0.1% Triton-X (PBSTx) 3 times. To
prevent non-speciﬁc binding of the antibodies the sections were
blocked for 1 h at room temperature in blocking buffer (PBSTxþ2%
bovine serum albumin þ2% goat serum). Primary antibodies were
diluted in blocking buffer and slides were stained overnight at
4 °C. The next day, slides were washed four times with phosphate
buffered saline plus 0.1% Tween 20 and then incubated with sec-
ondary antibody (Invitrogen) diluted in blocking buffer (1:200) for
2 h at room temp and cell nuclei were counterstained with 4’,6-
diamidino-2-phenylindole (DAPI) (1:10,000). After secondary in-
cubation the slides were washed four times with phosphate buf-
fered saline plus 0.1% Tween 20 and mounted in 80% glycerol.
For BrdU samples, the slides were treated with 4 N hydro-
chloric acid (HCl) for 10 minutes are room temperature and wa-
shed three times in phosphate buffered saline plus 0.1% Tween 20
then treated as mentioned above. All samples were imaged using
an inverted Leica DMI 6000B ﬂuorescent microscope.
4.4. Whole mount immunohistochemistry
Tissue were harvested 7 days post injury and ﬁxed in freshly
made 4% paraformaldehyde (Sigma) overnight at 4 °C. Tails were
subsequently washed three times in phosphate buffered saline
plus 0.1% Tween 20 and treated with 10 micrograms per milliliter
of Proteinase K (Roche) for 10 min. After Proteinase K treatment
the tails were washed an additional three times in phosphatebuffered saline plus 0.1% Tween 20. To further permeabilize the
tissue, the tails were washed with phosphate buffered saline plus
0.1% Triton X100, three times. To block non-speciﬁc binding of the
antibodies the tails were blocked for 1 h at room temp in blocking
buffer (phosphate buffered saline plus 0.1% Tween 20þ10% goat
serum). Then the tails were incubated with mouse anti-β-III tu-
bulin antibody (Sigma) diluted 1:500 in blocking buffer overnight
at 4 °C. The next day tails were washed four times in phosphate
buffered saline plus 0.1% Tween 20 before being incubated with
goat anti-mouse Alexa Fluor 568 (Invitrogen) secondary antibody
for 2 h at room temperature in blocking buffer. After the secondary
incubation the nuclei were stained with DAPI (1:1000) for 10 min
in phosphate buffered saline plus 0.1% Tween 20. To wash off ex-
cess secondary antibody and DAPI the tails were washed four
times in phosphate buffered saline plus 0.1% Tween 20. After
washing, tails were gradually stepped into methanol by incubating
with 25%, 50%, 75% then 100% methanol: PBST solution and then
stored at 20 °C until imaged. Prior to imaging, the tails were
cleared using 1:2 solution of benzyl alcohol and benzyl benzoate
(BABB) (Sigma) for 20 min and mounted onto a cover slip using
1:2 solution of benzyl alcohol and benzyl benzoate (BABB) as the
mounting medium.
4.5. In vivo modulation of Vmem using pharmacologic agents or
plasmid electroporation
Ivermectin (Sigma) was pressure injected at a ﬁnal concentra-
tion of 10 micromolarþphosphate buffered saline þ1% Fast Green
into the spinal cord central canal immediately prior to injury.
Control axolotls were injected with phosphate buffered salineþ1%
Fast Green. After injection and injury, the spinal cords were al-
lowed to regenerate for 7 days then animals were harvested for
immunohistochemistry as described above.
For overexpression experiments of selected ion channels the
indicated plasmids were diluted to 0.1 micrograms per microliter in
phosphate buffered saline þ1% Fast Green. After injection into the
spinal cord the injection site was electroporated (5 square pulses,
50 milliseconds, 50 V using an ECM830 Electro Square Porator, BTM
Harvard Apparatus) twice. To induce hyperpolarization we over-
expressed the constitutively active potassium channel Kir2.1 har-
boring Y242F mutation and a green ﬂuorescent protein tag (Hinard
et al., 2008). To induce depolarization we overexpressed the GABA-
gated cation channel Exp-1 and co-injected a plasmid that con-
tained a green ﬂuorescent protein tagged H2A construct, which
allows the electroporated cells to be identiﬁed (Beg and Jorgensen,
2003; Echeverri and Tanaka, 2003). All plasmids drove expression
of the transgene with the cytomegalovirus (CMV) promoter. All
injections were performed using PV820 Pneumatic PicoPump mi-
croinjection setup (Echeverri and Tanaka, 2003).
4.6. Imaging Vmem dynamics after injury
The ﬂuorescent voltage indicator dye, DiBAC4(3) (bis-[1,3-dibu-
tylbarbituric acid]trimethine oxonol) (Invitrogen) was used to de-
termine the change in Vmem during axolotl spinal cord regenera-
tion. Fluorescent images were taken in uninjured, immediately after
injury, 7 hours post injury and 24 h post injury. DiBAC was injected
10 min prior to imaging for each point at a ﬁnal concentration of 10
micromolarþPBSþ1% Fast Green. Fluorescent images were taken
using a Leica DMI 6000B Scope and Leica DFC 365 FX camera. The
excitation/emission spectra is 495/519 nm and subsequent images
were exported as TIFF ﬁles and were pseudocolored using ImageJ.
The average ﬂuorescence intensity of injured spinal cords was
measured using ImageJ and normalized to the average ﬂuorescence
intensity of uninjured spinal cords.
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Tissue samples were collected at various time points through-
out regeneration and were ﬁxed in fresh made 4% paraformalde-
hyde overnight. Samples were processed for longitudinal sec-
tioning as described above. After sectioning, the tissue samples
were post ﬁxed in Bouin’s solution (Sigma) overnight and then
washed with running distilled water for 30 min. After washing, the
samples were stained by successive 5 min incubations in 1%
phosphomolybdic acid (Sigma), acid fuchsin orange G solution
(0.5% aniline blue (Waldeck-Chroma), 1% orange G (Flucka), 1.5%
acid fuchsin (Sigma)) and 0.5% acetic acid. Between incubations in
staining solutions the slides were washed for 5 min in distilled
water. Upon completion of the staining protocol the samples were
dehydrated by successive incubations in 96% ethanol for 2 min
then 100% ethanol for 2 min then xylene for 5 min. Finally, the
slides were embedded in 80% glycerol and imaged using an
Olympus BX40 inverted microscope.
4.8. In vivo chloride measurement
Ivermectin and vehicle treated animals were injured as described
above. Uninjured or 1 day post injury spinal cord tissue was collected
and chloride concentration was determined using the calorimetric
Chloride Assay Kit (Abnova) as per the manufacturers instructions.
Tissue from 5 animals was pooled and homogenized in autoclaved
deionized water representing one biological replicate. Absorbance
readings were taken at 610 nm with a SpectraMax M2 plate reader
(Molecular Devices). Absorbance readings were taken in triplicate and
averaged for each treatment and chloride concentration was calcu-
lated using a standard curve.
4.9. Microarray analysis
Custom Affymetrix GeneChip Amby002 arrays were used for
genome wide gene expression analysis. This array has approxi-
mately 20,000 unique probe sets. Probe annotations are from Sal-
Site (www.ambystoma.org).
Control and ivermectin treated spinal cord samples were taken
at 1 day post injury. Samples were also processed at 1, 3 and 7 days
post injury and compared to control uninjured tissue. Total RNA
was extracted using Trizol (Invitrogen). Each sample was com-
posed of pooled tissue from 10 axolotls. All probe preparation,
hybridization and quality control was performed by the DNA Mi-
croarray Core Facility at the Max Planck Institute CBG, Dresden.
Array quality and differential gene expression was assessed
using standard microarray techniques in R/Bioconductor using
custom scripts. All arrays were deemed of high quality and were
included in all following analysis. Background correction, normal-
ization, and expression summaries were obtained using the robust
multi-array average (RMA) algorithm. Differential gene expression
was examined using the limma R/Bioconductor package, p-values
were adjusted for multiple comparisons using the Benjamini and
Hochberg method. The ﬁnal list of differentially regulated genes
was further analyses for pathway interaction using the Ingenuity
Pathway analysis software. Data submission number is GSE71934.
Inhibition of Extracellular signal regulated kinase (ERK) and
c-Jun N-terminal kinase (JNK) signaling.
To selectively inhibit ERK signaling, 10 micromolar of the in-
hibitor FR180202 (Tocris, Cat. No.3706) was pressure injected into
the central canal of the spinal cord directly prior to spinal cord
ablation. Control animals were injected with an equivalent con-
centration of dimethyl sulfoxide (DMSO).
To inhibit JNK signaling 10 micromolar of inhibitor SP600125
(Tocris, Cat. No. 1496) was pressure injected into the central canal of
the spinal cord directly before injury. Control animals were injectedwith an equivalent concentration of dimethyl sulfoxide (DMSO).
4.10. Western blot analysis
Control or ivermectin injected samples were harvested and placed
directly into radioimmunoprecipitation assay buffer (RIPA buffer)
containing a protease/phosphatase inhibitor cocktail (Cell Signaling
Technology). The tissue was homogenized using the pestle mortar
mixer (Argos Technologies), centrifuged and the supernatant was
placed into a new tube. The protein concentration was determined
using absorbance at 280 nm. Samples were separated on a 4–12% Bis-
Tris NuPAGE gel (Life Technologies) and transferred onto a ni-
trocellulose membrane. Membranes were probed with anti-Erk or
anti-phospho-Erk antibodies (Cell Signaling Technologies) overnight at
4 °C. After washing, membranes were incubated with goat anti-rabbit
secondary (Thermo Scientiﬁc) and developed using SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientiﬁc).5. Statistical analyses
All results are presented as mean 7 s.e.m. unless otherwise
stated. Analyses were performed using Microsoft EXcel or
GraphPad Prism. Data set means were compared using ANOVA for
three or more tests. When two groups were compared a Students
t-test was used. Differences between groups was considered sig-
niﬁcant at three different levels (p-values of o0.05, o0.01 and
o0.001) and are indicated in the ﬁgure legends.Acknowledgments
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